
US 20030142761A1 

(12) Patent Application Publication (10) Pub. No.: US 2003/0142761 A1 
(19) United States 

Chen (43) Pub. Date: Jul. 31, 2003 

(54) FREQUENCY OFFSET ESTIMATION 
APPARATUS FOR INTERSYMBOL 
INTERFERENCE CHANNELS 

(76) Inventor: Hung-Kun Chen, Hsinchu (TW) 

Correspondence Address: 
THOMAS, KAYDEN, HORSTEMEYER & 
RISLEY, LLP 
100 GALLERIA PARKWAY, NW 
STE 1750 
ATLANTA, GA 30339-5948 (US) 

(21) 10/353,35s 

(22) 

Appl. No.: 

Filed: Jan. 29, 2003 

Related US. Application Data 

Continuation-in-part of application No. 10/062,116, 
?led on Jan. 30, 2002. 

(63) 

Publication Classi?cation 

(51) Int. Cl? .......................... ..H04L 27/22; H03D 1/04; 
H04L 25/08; H04L 1/00 

(52) US. Cl. ......................... ..375/326; 375/346; 375/348 

(57) ABSTRACT 

A frequency offset estimation apparatus for intersymbol 
interference channels. A storage area having M elements is 
provided to shift a received sample sequence by M samples 
to generate a lagged sample sequence. A sequence of pre 
liminary values is calculated by differential operation 
betWeen the received sample sequence and the lagged 
sample sequence. Next, a summation of the poWer of the 
preliminary value sequence over M‘ samples is taken to 
obtain an accumulative sum. Finally, the angle of the accu 
mulative sum is derived and then sealed by a factor. A 
frequency offset estimate for the received sample sequence 
is thus obtained. 
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FREQUENCY OFFSET ESTIMATION APPARATUS 
FOR INTERSYMBOL INTERFERENCE 

CHANNELS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation-in-part of 
copending application Ser. No. 10/062,116, ?led Jan. 30, 
2002. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention relates to communication systems, 
and more particularly to a frequency offset estimation 
scheme for intersymbol interference channels. 

[0004] 2. Description of the Related Art 

[0005] Communication channels, and in particular, Wire 
less communication channels, are subject to channel impair 
ments such as multipath propagation in addition to additive 
noise. In the case of carrier modulation systems, carrier 
frequency offset that typically occurs due to transmitter and 
receiver oscillator mismatch in such systems is further 
compounded by Doppler shifts in mobile RF communica 
tions. Rapid frequency acquisition and phase tracking are 
crucial for accurate decoding of the received information. In 
general, a large frequency offset gives rise to rapid phase 
rotation Which may be far beyond the tracking capability of 
a receiver, and of course, seriously degrades the perfor 
mance of the system. Therefore, estimation and compensa 
tion of frequency offset are performance-critical tasks before 
demodulation at the receiver. 

[0006] Several knoWn estimation algorithms of frequency 
offset have been developed on the basis of an ideal channel 
condition of additive White Gaussian noise (AWGN). In 
some applications, eg a multipath environment, distortion 
of received signals may introduce considerable intersymbol 
interference (ISI). The problem of ISI is particularly trouble 
some in Wireless communications. This phenomenon leads 
to eXtra noise and degrades the performance of frequency 
offset estimation. 

[0007] The presence of ISI thus has to be addressed When 
designing a scheme to estimate the frequency offset. Scott et 
al. present a frequency offset estimation algorithm based on 
applying a nonlinear operation on the received signal, see 
“Simultaneous Clock Phase and Frequency Offset Estima 
tion,”IEEE Trans. on Commun, Vol. 43, pp. 2263-2270, July 
1995. This scheme requires the Fourier transform compu 
tations and some approximation based on assumption of the 
channel impulse response. Conversely, Fechtel et al. dis 
close algorithms for entirely feedforWard joint frame syn 
chroniZation, frequency offset estimation and channel acqui 
sition, see “Fast Frame Synchronization, Frequency Offset 
Estimation and Channel Acquisition for Spontaneous Trans 
mission over UnknoWn Frequency-Selective Radio Chan 
nels,”Proc. IEEE PIMRC, pp. 229-233, September 1993. 
Based on the maximum-likelihood (ML) criterion, Fechtel’s 
method scans data segments of received samples to ful?ll 
the frequency offset estimation. In this scheme, knoWledge 
of the received symbol and symbol timing is required. Bahai 
et al. reveal that the frequency offset can be estimated by the 
phase rotation of the channel coef?cients, see “A Frequency 
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Offset Estimation Technique for Wireless channels,” in 1997 
IEEE Workshop on Signal ProcessingAdvances in Wireless 
Communications, Paris, April 1997, pp. 397-400. Bahai’s 
algorithm still depends on the transmission of a knoWn 
symbol pattern. Additionally, VisWanathan et al. propose a 
method called maXimum state-based accumulation (MSA) 
estimation, refer to “A Frequency Offset Estimation Tech 
nique for Frequency-Selective Fading Channels,”IEEE 
Commun. Letters, Vol. 5, pp. 166-168, April 2001. This 
technique relies on knoWledge of the modulated data in the 
received signal. 

[0008] In vieW of the above, the prior knoWn estimation 
techniques for ISI channels, hoWever, either have the dis 
advantage of high computational complexity, or are difficult 
to implement in integrated circuits. 

SUMMARY OF THE INVENTION 

[0009] It is an object of the present invention to provide an 
apparatus of frequency offset estimation for ISI channels, 
Which is suitable for integrated circuit implementation. 

[0010] It is another object of the present invention to 
provide a frequency offset estimation scheme for ISI chan 
nels Without knoWledge of the received symbol and symbol 
timing. 
[0011] The present invention is generally directed to a 
frequency offset estimation apparatus for intersymbol inter 
ference channels. According to one aspect of the invention, 
the apparatus includes a storage area, a differential unit, a 
poWer operator, an accumulator, an argument eXtractor and 
a scale unit. The storage area contains M elements to take a 
received sample sequence serially. Using these M elements, 
the received sample sequence is shifted by M samples to 
form a lagged sample sequence. The differential unit is 
provided to perform a differential operation betWeen the 
received and the lagged sample sequences to obtain a 
sequence of preliminary values. The poWer operator 
receives the sequence of preliminary values and calculates a 
pth poWer of each preliminary value, Where p denotes the 
poWer to raise preliminary values. The accumulator then 
receives the poWer of the preliminary value sequence from 
the poWer operator. Taking a summation of the poWer of the 
preliminary value sequence over M‘ samples With respect to 
the received sample sequence, the accumulator yields an 
accumulative sum that is a complex number. The argument 
eXtractor is adapted to obtain the angle of the accumulative 
sum. Then, the scale unit scales the angle of the accumula 
tive sum by a factor of 1/p, thereby estimating a frequency 
offset for the received sample sequence. 

[0012] According to another aspect of the invention, an 
apparatus for estimation of frequency offset is comprised of 
a state indicator, a state bank, a differential unit, a plurality 
of computation units and a Weighting calculator. The state 
indicator receives a sequence of data symbols to generate a 
state signal indicative of a symbol state de?ned by a current 
data symbol and L most recently received data symbols, 
Where L is the length of channel delay spread. The state bank 
includes a ?rst input to take a received sample sequence, a 
second input to receive a current indeX associated With the 
current data symbol and a third input to receive the state 
signal. In accordance With the state signal, the state bank is 
con?gured in Which to store the current indeX from the 
second input and M currently received samples of the 
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current data symbol from the ?rst input, and to retrieve M 
previously received samples of the same symbol state and an 
associated previous index, Where M is a positive integer. The 
differential unit performs a differential operation betWeen 
the M currently received samples in the received sample 
sequence and the M previously received samples of the same 
symbol state from the state bank to obtain a sequence of 
preliminary values. 

[0013] Each of the computation units is alloWed to take the 
preliminary value sequence in accordance With an index 
difference betWeen the current index associated With the M 
currently received samples and the previous index associ 
ated With the M previously received samples of the same 
symbol state. Further, each computation unit includes an 
accumulator, an argument extractor and a scale unit. The 
accumulator takes a summation of the preliminary value 
sequence over M‘ samples With respect to each data symbol 
in the received sample sequence, and cumulatively adds the 
summation of the same index difference to yield an accu 
mulative sum that is a complex number. The argument 
extractor is adapted to obtain the angle of the accumulative 
sum. The scale unit divides the angle of the accumulative 
sum by a factor equal to the corresponding index difference 
to yield a raW frequency offset. As a result, these computa 
tion units generate a plurality of raW frequency offsets. Then, 
the Weighting calculator is used to perform a Weighted 
average operation over the raW frequency offsets, and thus a 
frequency offset estimate for the received sample sequence 
is obtained. 

DESCRIPTION OF THE DRAWINGS 

[0014] The present invention Will be described by Way of 
exemplary embodiments, but not limitations, illustrated in 
the accompanying draWings in Which like references denote 
similar elements, and in Which: 

[0015] FIG. 1 is a block diagram illustrating a frequency 
offset estimator according to the invention; 

[0016] FIG. 2 is a detailed block diagram illustrating a 
state bank of FIG. 1; 

[0017] FIG. 3 is a detailed block diagram illustrating a 
computation unit of FIG. 1; 

[0018] FIG. 4 is a block diagram illustrating a frequency 
offset estimator With state reduction according to the inven 
tion; and 

[0019] FIG. 5 is a block diagram illustrating an alternative 
embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0020] The present invention discloses a so-called state 
based differential accumulation (SDA) algorithm for fre 
quency offset estimation. The SDA algorithm of the inven 
tion is ?rst introduced and derived mathematically herein. 
Assuming that the channel is changing suf?ciently sloWly so 
it is static over the duration of observation, a continuous 
time received signal can be Written as 
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[0021] Where 

[0022] A is the channel gain and is a scalar 

[0023] 0 is the phase shift 

[0024] rod is the angular frequency offset 

[0025] dk is the kth transmitted data symbol 

[0026] g(t) is the equivalent impulse response of 
transmitter, receiver and channel combination 

[0027] T is the symbol period, and 

[0028] W(t) is the additive complex noise, 

[0029] by sampling r(t) at a rate of M/T, a received sample 
sequence, r[n], is given by 

[(200 

[0030] Where 

[0031] QduudT is the angular shift over one symbol 
period 

glnl = g(t) 
,IE M 

[0032] is the discrete-time signal derived from g(t), 
and 

WI ] = WU) 
,JI M 

[0033] is the discrete-time signal derived from 
W(t). 

[0034] In practice, the impulse response is truncated to a 
?nite length equal to L times the symbol period. Without loss 
of generality, let 

[0035] If n=l~M+i and iE{0,1,2,A,(M-1)}, the received 
sample sequence becomes 
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[0036] Where 

[0037] Z denotes the integer numbers. 

[0038] The received sample sequence can be associated 
With a state during each symbol period. The state during the 
lth symbol is de?ned as S1={d1_L,d1_L+1, A,d1}. It is seen that 
the state is formed by the current data symbol and the past 
L data symbols. The ISI-related term, X(S1,i), depends only 
on these L+1 data symbols. 

[0039] The received samples of the same i and the same 
state are employed to remove the channel effect and to 

estimate the frequency offset. If the noise term is neglected, 
then 

[0040] After differential operation betWeen r[l1M+i] and 
r[l2M+i], it yields 

[0041] Where * superscript denotes compleX conjugate 
operation. The angle of uiAl contains the information of 
frequency offset. Hence, the angular frequency offset is 
given by 

[0042] Where Al=l2—l1 is the indeX difference. 

[0043] To reduce the variance of a frequency offset esti 
mator, multiple differential operation values are accumu 
lated before taking the phase. For different indeX differences, 
accumulations are performed separately since they are not 
coherent in phase. Hence, the accumulative sum V(Al) of the 
indeX difference Al is given by 

[0044] for the same Al 
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[0045] Note that the inner summation, 

Mil 

2 MIA!’ 
[:0 

[0046] combines uiAl of the same state over M samples 
With respect to each data symbol, and the outer summation, 

[0047] adds the inner summation of the same indeX dif 
ference Al cumulatively. That is, for any tWo indices spaced 
With Al and having the same state, the differential operations 
are performed on their corresponding samples and the 
resulting values are accumulated in V(Al). The frequency 
offset estimate derived from each accumulative sum of Al is 
given by 

[0048] Due to the ambiguity from phase Wrap-around, the 
angle of V(Al) ranges betWeen —J'|§ and at, and the resolvable 
range of the estimator is 

[0049] This leads to the consideration to avoid using large 
values of A1. 

[0050] A Weighted average can be performed over the 
frequency offset estimates derived from different values of 
Al: 

[0051] Where C(Al) represents Weighting factors for Al=1, 
2,A,Almax. Also note that the maXimum value, Almax, is 
chosen as the above-described consideration. The selection 
of Weighting factors may attempt to minimiZe the variance 
of estimation, and it may also take the implementation 
complexity into account When designing the estimator. In a 
simplest Way, equal Weights may be adopted. Alternatively, 
the Weighting factors are proportional to occurrence fre 
quencies of the corresponding Al. If the statistics of the data 
symbol sequence are knoWn and ?xed, the Weighting factors 
can be calculated in advance. OtherWise, a set of counters 
may be adapted to dynamically acquire the number of 
occurrences for each Al. Then the counter values are applied 
to generate the Weighting factors. 
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[0052] There are 

[0053] possible states if the siZe of the set of data symbols 
is Md. It is desirable to reduce the amount of states. 
Therefore, it is contemplated that the received sample 
sequence can be rotated by the conjugate of the data symbol. 
The noise term is also ignored. Hence, 

[0054] Where 

diI=d1 ‘S1 
[0055] It is seen that phase rotation to the received 
samples causes the same phase rotation to the states. In 
addition, the state after rotation becomes 

SR &={d1‘d1*L'd1‘d1*L+1)A1dl‘dl}={dl‘dlib dl‘dliLidl ldll } 
[0056] In the case of phase shift keying (PSK) modulation, 
the last element in SR)1 is a constant, and thus the number of 
states is reduced to MdL by a factor of Md. In a more general 
Way, the rotation phase can also be a mapping function from 
the data symbol other than its complex conjugate. 

[0057] As to spread spectrum communications, if the 
spreading code or spreading Waveform is periodic With the 
same duration as the symbol period, the spreading Waveform 
may be vieWed as part of the pulse shaping ?lter and merged 
into the equivalent impulse response. Since the scheme of 
the invention does not require knoWledge of the pulse 
shaping or channel impulse response, the disclosed scheme 
is also applicable to the spread spectrum communication 
system. 

[0058] FIG. 1 illustrates a frequency offset estimator in 
accordance With the SDA algorithm of the invention. A 
sequence 101 of data symbols and a sample sequence r[n] 
are received at a receiver, Where n represents the discrete 
time index. As depicted, the data symbol sequence 101 and 
the received sample sequence r[n] are sent to a state indi 
cator 110 and state bank 120 of the estimator, respectively. 
The state indicator 110 generates a state signal indicative of 
a symbol state and provides the state signal via a line 125 to 
the state bank 120. The symbol state S1 is de?ned by a 
current data symbol, d1, and L most recently received data 
symbols, {d1_1,d1_2,A,d1_L}, Where L is the length of the 
channel delay spread. In FIG. 1, a shift register 180 is 
provided to keep the L most recently received data symbols 
from the sequence 101. 

[0059] The estimator of the invention is more clearly 
described in FIG. 1 taken in conjunction With the detailed 
block diagrams in FIGS. 2 and 3. The state bank 120 has a 
?rst input 121 to take the received sample sequence r[n], a 
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second input 123 to receive a current index 12 associated With 
the current data symbol d1 and a third input 125 to receive the 
state signal. Preferably, the current index 12 is generated by 
a counter 170. From aforementioned discussion, the 
received sample sequence r[n] can be expressed as r[l2M+i], 
Where M is the number of samples per data symbol in r[n] 
and i=0,1, . . . , M-1. Referring to FIG. 2, the state bank 120 

includes a demultiplexer 210, a multiplexer and N storage 
areas 230, Where N is the number of possible symbol states 
equal to MdL+1. Each storage area 230 has M elements 232 
in Which to store and retrieve M samples in the received 
sample sequence r[n]. In addition, each storage area 230 has 
an element 234 in Which to store and retrieve an associated 
index. According to the state signal, the demultiplexer 210 
dispatches M currently received samples in r[n] and asso 
ciated current index 12 to one of the storage areas 230 
corresponding to the symbol state S1 indicated by the state 
signal. In the meantime, the multiplexer 220 selects one of 
the storage areas 230 corresponding to the symbol state S1 
according to state signal, such that the selected storage area 
sends out the M previously received samples of the same 
symbol state and associated previous index. Thus, depend 
ing on the symbol state S1, the state bank 120 retrieves the 
M previously received samples and associated index, 
namely r[l1M+i] and 11, as Well as updating the correspond 
ing storage area With the M currently received samples of the 
same state and associated index, namely r[l2M+i] and 12. 

[0060] A differential unit 130 then performs a differential 
operation betWeen r[l2M+i] and r[l,M+i] of the same symbol 
state to yield a sequence of preliminary values as interme 
diate data. As shoWn in FIG. 1, the differential unit 130 is 
made up of conjugate operator 132 and a complex multiplier 
134. The conjugate operator 132, on a one-by-one basis, 
generates the complex conjugate of the M‘ previously 
received samples, that is, r*[l1M+i]. The complex multiplier 
134 is coupled to the conjugate operator 132. On a similar 
one-by-one basis, it calculates the product of r[l2M+i] and 
r+[l1M+i] from 

uiA1=r[l2M+i]'r‘[l1M+i] for i=0, 1, . . . , M’—1 

[0061] Where uiAl represents the preliminary value 
sequence and M‘ is a positive integer. On the other hand, the 
current index 12 and the previous index 11 are applied to a 
subtractor 190 Where an index difference Al=l2—l1 is 
obtained. A dispatcher 160 is connected betWeen the differ 
ential unit 130 and a plurality of computation units 140, to 
divert the preliminary value sequence, uiAl, from the differ 
ential unit 160 to a corresponding computation units 140 
depending on the index difference, Al. In this Way, each of 
the computation units 140 is alloWed to take uiAl in accor 
dance With A1. 

[0062] Referring to FIG. 3, each computation unit 
includes an accumulator 343, an argument extractor 345 and 
a scale unit 346. The accumulator 343 takes a summation of 
the preliminary value sequence over M‘ samples With respect 
to each data symbol in r[n], and cumulatively adds the 
summation of the same index difference to yield an accu 
mulative sum. Preferably, a poWer operator 341 is installed 
before the accumulator 343 to improve the performance and 
robustness of the estimator. The poWer operator 341 calcu 
lates a pth poWer of each preliminary value as folloWs: 

(u;A1)=(r{l21\/I+i]-r'[l1M+i])P, for i=0, 1 . . . , M’—1 

0063 Where denotes the oWer to raise the se uence of P P q 
preliminary values and equals, but is not limited to, for 
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example, tWo. Note that (um)p is a version of the prelimi 
nary value sequence uiAl raised to the pth power. In this 
regard, the accumulator 343 obtains the accumulative sum 
by taking double summations 

[0064] Where an inner summation, 

Mk1 

Z (MAN, 
[:0 

[0065] combines (um)p of the same symbol state over M‘ 
samples, an outer summation, 

Mk1 

Z Z (MAN, 
[:0 

[0066] adds the inner summation of the same Al cumula 
tively, and V(Al) is the accumulative sum of the index 
difference Al. Note that M‘ cannot be greater than M, and 
preferably, M‘ is equal to M. Subsequently, V(Al) is fed to 
the argument extractor 345 as the intermediate data. The 
argument extractor 345 thus obtains the angle of the accu 
mulative sum, namely LV(Al). Then, the scale unit 347 
divides the angle of the accumulative sum by p and the 
corresponding index difference as follows: 

0067 Where Q A1 is a raW offset for the index difference [ d 
A1. 

[0068] Accordingly, those computation units 140 generate 
a plurality of raW offsets. AWeighting calculator 150 is used 
to perform a Weighted average operation over the raW 
offsets. It obtains a frequency offset estimate by taking a 
Weighted average over the raW offsets as folloWs: 

[0069] Where Qd represents the frequency offset estimate, 
and C(Al) denotes predetermined Weighting factors for all 
Al. Thus, a frequency offset for the received sample 
sequence is estimated. 

[0070] Turning noW to FIG. 4, a frequency offset estima 
tor With state reduction is illustrated. Note that the same 
reference numbers identify similar elements in FIGS. 1, 4 
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and are not discussed herein for brevity. To reduce the 
number of states, three additional components including tWo 
rotation units 420, 430 and a conjugate operator 410 are 
provided. The conjugate operator 410 yields the conjugate of 
the current data symbol, i.e. d1*. The rotation unit 420 is 
adapted to rotate the phase of the data symbol sequence. The 
rotated data symbol sequence is then applied to the state 
indicator 110 to generate the state signal. The rotated data 
symbol sequence is a version of the data symbol sequence, 
{d1,d1_1,d1_2A,d1_L}, multiplied by the conjugate of the cur 
rent data symbol, d1*. Hence, the symbol state after rotation, 
SR)1 is given by 

[0071] Where S1 is the original symbol state. The rotation 
unit 430 is adapted to rotate the phase of the received sample 
sequence. The received and rotated sample sequence rR[n] is 
a version of the received sample sequence, r[n], multiplied 
by the conjugate of the current data symbol, d1*. Hence, 

[0072] Then, the received and rotated sample sequence 
rR[n] is applied to the ?rst input 121 of the state bank 120. 
Assuming that the siZe of the set of data symbols is Md, the 
number of symbol states is thus reduced from 

[0073] to MdL by the principles discussed previously. 

[0074] In a practical communication system, timing infor 
mation and received data symbols are often unknoWn When 
estimating the frequency offset. Therefore, a non-data-aided 
(NDA) frequency offset estimator is required to perform an 
initial estimation for ISI channels. Since the received data 
symbols are unknoWn, the demultiplexer 210 and multi 
plexer 220 of the state bank 120 are removed, and only one 
shift register is left in Which to store the received sample 
sequence. Although the NDA frequency offset estimator is a 
simpli?ed version of the embodiment in FIG. 1, the afore 
mentioned principles of the invention still hold true. FIG. 5 
illustrates a NDA frequency offset estimator of the inven 
tion. The estimator includes a storage area 520, a differential 
unit 530, a poWer operator 541, an accumulator 543, an 
argument extractor 545 and a scale unit 547. The storage 
area 520 contains M elements to take a received sample 
sequence r[n] serially. Using these M elements, the received 
sample sequence is shifted by M samples to form a lagged 
sample sequence, r[n-M]. In one embodiment, the storage 
area 520 is an M-element shift register. 

[0075] The differential unit 530 performs a differential 
operation betWeen r[n] and r[n-M] to obtain a sequence of 
preliminary values u[n] as intermediate data. As depicted, 
the differential unit 530 is made up of conjugate operator 
532 and a complex multiplier 534. The conjugate operator 
532 generates the conjugate of the lagged sample sequence, 
that is, r*[n—M]. The complex multiplier 534 calculates the 
product of r[n] and r*[n—M] from 

[0076] Where n represents the discrete time index. The 
argument extractor 545 is adapted to obtain the angle of the 
intermediate data as a frequency offset. Preferably, the 
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power operator 541 is coupled after the differential unit 530, 
and the accumulator 543 is inserted betWeen the poWer 
operator 541 and the argument extractor 545. With the 
poWer operator 541, each preliminary value derived from the 
differential unit 530 is raised to the pth poWer, i.e., (u[n])p, 
Where p represents the poWer to raise the preliminary values. 
Taking p=2 as an example, the poWer operator 541 calcu 
lates the square of each preliminary value, and to yield a 
sequence of square value as folloWs: 

S[”]=(u[”])2=('{”]'r‘[It-Ml), if P=2 

[0077] It should be appreciated that the principles of the 
invention are applicable to p22. The accumulator 543 
receives s[n] as input. Hence, an accumulative sum is 
obtained by taking a summation: 

[0078] Where the accumulative sum, V, is a complex 
number. In other Words, the accumulative sum V combines 
M‘ samples With respect to the received sample sequence. 
Subsequently, V is fed to the argument extractor 345 as the 
intermediate data. The argument extractor 545 thus obtains 
the angle of the accumulative sum, namely LV. After that, 
the scale unit is used to scale LV by a factor of 1/p as 
folloWs: 

[0079] In this Way, a frequency offset estimate, Qd, is 
achieved. 

[0080] Accordingly, the embodiments of the invention 
enable very simple implementation in integrated circuits due 
to loW computation complexity. Further, the invention pro 
vides a novel NDA frequency offset estimator that is robust 
and Well-suited for initial estimation. 

[0081] While the invention has been described by Way of 
example and in terms of the preferred embodiments, it is to 
be understood that the invention is not limited to the 
disclosed embodiments. To the contrary, it is intended to 
cover various modi?cations and similar arrangements (as 
Would be apparent to those skilled in the art). Therefore, the 
scope of the appended claims should be accorded the 
broadest interpretation so as to encompass all such modi? 
cations and similar arrangements. 

What is claimed is: 
1. Afrequency offset estimation apparatus for intersymbol 

interference channels, comprising: 

a storage area having M elements to take a received 
sample sequence serially, for shifting the received 
sample sequence by M samples to generate a lagged 
sample sequence, Where M is a ?rst positive integer; 

a differential unit for performing a differential operation 
betWeen the received sample sequence and the lagged 
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sample sequence to obtain a sequence of preliminary 
values as intermediate data; and 

an argument extractor for obtaining the angle of the 
intermediate data as a frequency offset. 

2. The frequency offset estimation apparatus according to 
claim 1, Wherein the differential unit comprises: 

a conjugate operator for yielding a complex conjugate of 
the lagged sample sequence; and 

a complex multiplier for calculating a product of the 
received sample sequence and the complex conjugate 
of the lagged sample sequence to output as the pre 
liminary value sequence given by 

u[”]='{”]'r'[”—1\’1] 
Where * superscript denotes complex conjugation, r[n] 
is the received sample sequence, r*[n—M] is the com 
plex conjugate of the lagged sample sequence, u[n] is 
the sequence of preliminary values, and n represents a 
discrete time index. 

3. The frequency offset estimation apparatus according to 
claim 2 further comprising: 

a poWer operator coupled after the differential unit, for 
calculating a pth poWer of each preliminary value from 
the differential unit as folloWs: 

(“[”])"=(r[”]'r‘[It-Ml)p 
Where p denotes the poWer to raise the sequence of 
preliminary values and is an integer greater than one; 
and 

a scale unit coupled after the argument extractor, for 
scaling the angle of the intermediate data by a factor of 
1/p to output as the frequency offset. 

4. The frequency offset estimation apparatus according to 
claim 3 further comprising an accumulator inserted betWeen 
the poWer operator and the argument extractor, for taking a 
summation of (u[n])p over M‘ samples to acquire an accu 
mulative sum V as folloWs: 

Where M‘ is a second positive integer, and the accumulative 
sum V is a complex number and is fed to the argument 
extractor as the intermediate data. 

5. The frequency offset estimation apparatus according to 
claim 3, Wherein p, the poWer to raise the sequence of 
preliminary values, is equal to 2. 

6. Afrequency offset estimation apparatus for intersymbol 
interference channels, comprising: 

a state indicator receiving a sequence of data symbols, for 
generating a state signal indicative of a symbol state 
de?ned by a current data symbol and L most recently 
received data symbols, Where L is a ?rst positive 
integer; 

a state bank having a ?rst input to take a received sample 
sequence, a second input to receive a current index 
associated With the current data symbol and a third 
input to receive the state signal, in accordance With the 
state signal, for storing the current index from the 
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second input and M currently received samples of the 
current data symbol from the ?rst input, and retrieving 
M previously received samples of the same symbol 
state and an associated previous index, Where M is a 
second positive integer; 

a differential unit for performing a differential operation 
betWeen the M currently received samples in the 
received sample sequence and the M previously 
received samples of the same symbol state from the 
state bank to obtain a sequence of preliminary values as 
intermediate data; 

a plurality of computation units each of Which is alloWed 
to take the preliminary value sequence in accordance 
With an index difference betWeen the current index 
associated With the M currently received samples and 
the previous index associated With the M previously 
received samples of the same symbol state, each com 
putation unit comprising: 

an argument extractor for obtaining the angle of the 
intermediate data as a raW frequency offset; 

Whereby the computation units generate a plurality of 
raW frequency offsets; and 

a Weighting calculator for performing a Weighted average 
operation over the raW frequency offsets to generate a 
frequency offset estimate. 

7. The frequency offset estimation apparatus according to 
claim 6, Wherein the state bank comprises: 

a plurality of storage areas each of Which includes a 
plurality of elements in Which to store the M currently 
received samples in the received sample sequence and 
the associated current index, and to retrieve the M 
previously received samples and the associated previ 
ous index; 

a demultiplexer, in accordance With the state signal, for 
dispatching the M currently received samples in the 
received sample sequence and the associated current 
index to one of the storage areas corresponding to the 
symbol state indicated by the state signal; and 

a multiplexer, in accordance With the state signal, for 
selecting one of the storage areas corresponding to the 
symbol state indicated by the state signal such that the 
selected storage area sends out the M previously 
received samples and the associated previous index, in 
Which the M previously received samples and the M 
currently received samples are of the same symbol 
state. 

8. The frequency offset estimation apparatus according to 
claim 6, Wherein the differential unit comprises: 

a conjugate operator, for yielding complex conjugates of 
the M‘ previously received samples in the received 
sample sequence from the state bank; and 

a complex multiplier coupled to the conjugate operator, 
for calculating a product of the M‘ currently received 
samples in the received sample sequence and the com 
plex conjugate of each M‘ previously received samples 
of the same symbol state to output as the preliminary 
value sequence Which is given by 
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Where * superscript denotes complex conjugation, M‘ is 
a third positive integer less than or equal to M, Al is the 
index difference, 12 is the current index associated With 
the M‘ currently received samples, 11 is the previous 
index associated With the M‘ previously received 
samples of the same symbol state, r[1M+i] represents 
the M‘ currently received samples, r*[l1M+i] represents 
the conjugate of the M‘ previously received samples of 
the same symbol state, and ui A1 is the preliminary value 
sequence. 

9. The frequency offset estimation apparatus according to 
claim 8 further comprising a dispatcher inserted betWeen the 
differential unit and the plurality of computation units, for 
diverting the preliminary value sequence, uiAl, from the 
differential unit to a corresponding computation unit in 
accordance With the index difference, Al. 

10. The frequency offset estimation apparatus according 
to claim 8, Wherein each of the computation units further 
comprises a poWer operator inserted after the differential 
unit, for calculating a pth poWer of each preliminary value 
from the differential unit as folloWs: 

Where p denotes the poWer to raise the sequence of 
preliminary values and is an integer greater than one, 
and (um)p is a version of the preliminary value 
sequence, uiAl, raised to the pth poWer. 

11. The frequency offset estimation apparatus according 
to claim 10, Wherein each of the computation units further 
comprises an accumulator inserted betWeen the poWer 
operator and the argument extractor, for taking a summation 
of (um)p over M‘ samples With respect to the received 
sample sequence, cumulatively adding the summation of the 
same index difference to yield an accumulative sum, and 
feeding the accumulative sum to the argument extractor as 
the intermediate data, Where the accumulative sum is a 
complex number. 

12. The frequency offset estimation apparatus according 
to claim 11, Wherein each accumulator obtains the accumu 
lative sum by taking double summations: 

M/il 

WA!) = Z Z (Mt-N)” 
[:0 

Where an inner summation, 

combines (um)p of the same symbol state over M‘ samples 
With respect to the received sample sequence, an outer 
summation, 
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adds the inner summation of the same index difference Al 
cumulatively, and V(Al) is the accumulative sum of the 
index difference Al. 

13. The frequency offset estimation apparatus according 
to claim 12, Wherein each of the computation units further 
comprises a scale unit inserted after the argument extractor, 
for dividing the angle of the accumulative sum V(Al) by a 
factor equal to a product of p and the corresponding index 
difference Al in order to output as the raW frequency offset. 

14. The frequency offset estimation apparatus according 
to claim 13, Wherein each scale unit divides the angle of the 
accumulative sum by p and the corresponding index differ 
ence as folloWs: 

Where LV(Al) denotes the angle of the accumulative sum 
returned from the argument extractor, and QkAl is the raW 
frequency offset for the index difference Al. 

15. The frequency offset estimation apparatus according 
to claim 13, Wherein the Weighting calculator obtains the 
frequency offset estimate by taking a Weighted average over 
the raW frequency offsets generated from the plurality of 
computation units as folloWs: 

_ 1 Al 

od _ W; C(AD-Qd 

Where Qd is the frequency offset estimate for the received 
sample sequence, and C(Al) denotes predetermined Weight 
ing factors for all Al. 

16. The frequency offset estimation apparatus according 
to claim 6, further comprising a counter for generating the 
current index associated With the current data symbol in the 
received sample sequence. 

17. The frequency offset estimation apparatus according 
to claim 6, further comprising: 

means for yielding a conjugate of the current data symbol; 

means for phase rotating the data symbol sequence and 
applying the rotated data symbol sequence to the state 
indicator to provide the state signal, in Which the 
rotated data symbol sequence is a version of the data 
symbol sequence, containing the current data symbol 
and the L most recently received data symbols, multi 
plied by the conjugate of the current data symbol; and 
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means for phase rotating the received sample sequence 
and applying the received and rotated sample sequence 
to the ?rst input of the state bank, in Which the received 
and rotated sample sequence is a version of the 
received sample sequence multiplied by the conjugate 
of the current data symbol. 

18. The frequency offset estimation apparatus according 
to claim 10, Wherein p, the poWer to raise the sequence of 
preliminary values, is equal to 2. 

19. A frequency offset estimation apparatus for intersym 
bol interference channels, comprising: 

a storage area having M elements to take a received 
sample sequence serially, for shifting the received 
sample sequence by M samples to generate a lagged 
sample sequence, Where M is a ?rst positive integer; 

means for performing a differential operation betWeen the 
received sample sequence and the lagged sample 
sequence to obtain a sequence of preliminary values; 

means for calculating a pth poWer of the preliminary 
value sequence, Where p denotes the poWer to raise the 
sequence of preliminary values and is an integer greater 
than one; 

means for taking a summation of the poWer of the 
preliminary value sequence over M‘ samples With 
respect to the received sample sequence to acquire an 
accumulative sum, Where the accumulative sum is a 
complex number and M‘ is a second positive integer; 

means for obtaining the angle of the accumulative sum; 
and 

means for scaling the angle of the accumulative sum by a 
factor of 1/p and yielding a frequency offset estimate. 

20. The frequency offset estimation apparatus according 
to claim 19, Wherein the differential operation means com 
prises: 

a conjugate operator for yielding a conjugate of the lagged 
sample sequence; and 

a complex multiplier for calculating a product of the 
received sample sequence and the conjugate of the 
lagged sample sequence to output as the preliminary 
value sequence Which is given by u[n]=r[n]~r*[n—M], 
Where * superscript denotes complex conjugation, r[n] 
is the received sample sequence, r*[n—M] is the con 
jugate of the lagged sample sequence, u[n] is the 
sequence of preliminary values, and n represents a 
discrete time index. 


